ABSTRACT
INTRODUCTION
Improvement of the network reliability is one of the main drivers of various enhancements in distribution networks. Network automation is one of the most effective strategies in distribution networks to increase the reliability by reducing the duration of the interruptions and the number of the affected consumers/producers. Distributed generators (DGs) can also improve network reliability, as they can additionally reduce the interruption duration and restoration time. However, such improvement depends on DG systems operating in islanding mode. An island can be formed when sufficient local generation exists to supply local load. Therefore, the optimal creation of islands should be considered and thus the selection of the optimal number, type and location of automation devices to be installed in the distribution networks becomes even more complex. A number of algorithms have been proposed to solve the switch optimization problem in distribution networks with DG. In [1] , an optimization approach based on the ant colony system (ACS) algorithm was developed to determine the optimal recloser and DG locations by minimizing a composite reliability index. A fuzzy multiobjective approach for sectionalizing switch placement using an ACS algorithm was developed in [2] whereas a genetic algorithm for simultaneously allocating DG units and automatic switches was presented in [3] . In [4] the MILP based approach is proposed to determine the optimal placement of sectionalizing switches in the network with DGs taking into account the cost of switches and the cost of momentary and long-term interruptions. However, the proposed approaches do not consider multiple types of automation devices simultaneously in determining the best automation strategy. Therefore, in this paper is proposed MILP based approach for determining the optimal number, type and location of different remotely controlled and supervised devices (remotely controlled reclosers, sectionalizing switches, and remotely supervised fault passage indicators (FPIs)) in the presence of DGs in distribution networks where island operation of DGs is allowed. The proposed approach is tested on the Bus 4 of RBTS test system. The results show the importance of considering different types of automation devices simultaneously and the influence of island operations on the reliability improvement.
SOLUTION APPROACH
The MILP based model for determining the optimal strategy for improving reliability in distribution networks with DGs is given in the sequel.
Objective function
In the objective function (1) the following symbols are used: T, d -time horizon under study (e.g. 15 years) and annual discount rate, respectively, C(k), C(j) -cost of long-term interruption of consumer of type (k) and DG in the node (j), respectively, NF, NLP f , NDG f , CLP j -set of feeders in the considered network, set of load and DG nodes at feeder (f), and set of consumer types in the node (j), respectively, NDGL(f,i), NLPL(f,i) -set of DGs and loads in the local network formed at feeder (f) due to the fault (i), respectively, NC f -set of sections (branches) at the feeder (f); distribution substation (MV/LV) is considered as a branch with a unit length (1 km) and appropriate failure rate, L(f,i) -length of the branch (i), LD(f,j,k), DG(f,j) -load of consumer of type (k) and production of DG in the node (j), respectively, NR f , NS f ,NFI f -set of possible locations of reclosers, sectionalizing switches, and remotely supervised fault passage indicators (FPIs) at the feeder (f), respectively, fs-investment cost of reclosers, sectionalizing switches, and FPIs, respectively,
fs-installation cost of reclosers, sectionalizing switches, and FPIs, respectively,
fs-total present worth operation cost of reclosers, sectionalizing switches, and
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FPIs, respectively, ( , , ) tfault c f j k -variable that represents cost due to momentary interruption for consumer/producer of type (k) in the node (j) at the feeder (f), respectively,
wfi f s -binary decision variables that take value 1 if recloser, sectionalizing switch, or FPI is installed at location (s) at the feeder (f), respectively.
wdg f i j -binary decision variable that takes value 1 if DG at location (j) operates in the islanding mode at the feeder (f) in the case of the fault (i), t(f,i,j) -variable that describes the total interruption duration of the node (j) due to the fault (i) at the feeder (f). The first term in (1) describes the total present worth expected cost of consumers and producers (DGs) due to the long-term interruptions caused by the permanent faults at network elements. This term takes into account load/production growth in the network in the considered period (T). The second term in (1) describes total present worth expected cost of consumers/producers due to momentary interruptions caused by the transient faults in the network. The third term describes cost of undelivered energy of DGs during island operation. The total present worth cost (investment cost, installation cost, and operation cost) of reclosers and sectionalizing switches is described by the fourth and the fifth term, respectively. The sixth term describes the total present worth cost of FPIs. This term, along with the constraint (12), takes into account the ability of reclosers and sectionalizing switches to act as the FPIs. In the equations presented in the sequel is assumed that the following hold: f NF 
( , , ) TRSC ( , ) (1 ( , )), . Switches at the feeder heads (full circuits) are assumed to be remotely controlled. The following is also assumed: T rec =T sec =15 seconds, the time horizon under study is 15 years, annual discount rate is 8%, annual load growth rate is 2% for each consumer type, and annual DG production growth rate is 1% for each DG.
Other required data are given in Table I and in [5] . Two cases are considered, network with and without possibility of DG islanding. The results in the second case are depicted by ordinary letters (S (sectionalizing switch), R (recloser), FI (FPI)) while in the first case squared letters are used, as shown in Fig.1 . Total present worth reliability cost (value of the objective function (1)) in the first case, which ensures noticeably better reliability, is 1696837U.S.$ whereas in the second case it is 5598445 U.S.$. This result highlights the influence of DG's island operation on improving reliability. It should be emphasized that number, type and location of automation devices differs noticeable in the considered cases. It should also be noted that the sectionalizing switches are used to disconnect load in the MV/LV substations to enable creating of the optimal islands in the first case whereas there are not used in the second case.
CONCLUSION
This paper proposes the MILP based approach for determining the optimal reliability improvement strategy in the networks where island operation of DGs is allowed. The proposed approach defines the optimal location, number and type of automation devices that reduces the duration of the interruptions and the number of the affected consumers/DGs and enables optimal creation of islands so that the total present worth reliability cost is minimized. This cost consists of the cost of momentary and long-term interruptions of consumers and DGs, cost of undelivered energy of DGs during island operation, and the total cost of various types of automation devices. 
